Avian leukosis virus (ALV) infection induces bursal lymphomas in chickens after
Analysis of avian leukosis virus (ALV) tumor induction allowed the identification of the molecular basis of oncogenesis by slowly transforming retroviruses (reviewed in reference 48). Proviral integration next to cellular proto-oncogenes and subsequent long terminal repeat (LTR)-driven oncogene expression can result in the development of monoclonal tumors. This particular retrovirus generates two distinct types of tumors depending on the cell type and proto-oncogene involved. The most common result of ALV infection is a bursal lymphoma involving proviral integration next to the c-myc proto-oncogene, in 50 to 100% of lymphoma-susceptible chickens infected as embryos or 1-day-old chicken (7, 15) . Integration within the c-erbB proto-oncogene in erythrocyte precursors results in erythroblastosis with a more variable incidence of 5 to 80%, depending on the particular chicken strain analyzed (14, 16) .
The c-myc gene encodes a transcription factor that functions in the regulation of cell growth and death, and deregulated c-myc expression is associated with a number of human and animal cancers (reviewed in reference 18). ALV integration within the c-myc gene (17) in immature B cells can result in the induction of metastatic bursal lymphomas in chickens (reviewed in reference 32). Examination of integrations from these lymphomas shows that nearly all proviruses have undergone deletion of the 5Ј LTR (24, 25) , so that the 3Ј LTR can drive high levels of c-myc gene transcription (reviewed by Kung et al. [23] ). The bursa is composed of roughly 10,000 follicles (34) , each of which is derived from about two stem cells that establish follicles during embryonic hematopoeisis (49) . Transformed or hyperproliferating follicles featuring clonal proviral c-myc integrations can be identified based on their enlarged size and differential staining with methyl green pyronin (10) , beginning 4 weeks after ALV infection. Although 5 to 20 transformed follicles arise (12) , only one or a few of these hyperproliferating follicles progress to form a metastatic lymphoma after 3 months of age, presumably after additional mutations and/or proviral integration next to proto-oncogenes such as c-bic (9, 47) .
The c-erbB proto-oncogene encodes the epidermal growth factor receptor, a protein kinase which is involved in growth signalling in many cell types (33, 35) . Proviral integration within this gene can result in erythroblastosis tumors involving erythroid precursors in the bone marrow and spleen, which arise 1 to 3 months after ALV infection (7) . Interestingly, most of the proviral integrations from tumors map within the 3Ј region of c-erbB intron 14 (16, 28, 40) , so that a truncated gag-env-erbB fusion protein is produced which is thought to have constitutive kinase activity (33) . The complete provirus is generally retained in c-erbB integrations, so that these fusion products are generated by transcription readthrough past the 3Ј LTR followed by alternative splicing (28, 33) . These readthrough transcripts are often transduced to generate recombinant viruses containing v-erbB sequences, which can be observed in about half of the erythroblastosis tumors that arise (28) .
Examination of proviral integration sites within the c-myc or c-erbB genes of tumors reveals a nonrandom pattern of proviral integration. The majority of bursal lymphomas show integration within the 3Ј region of c-myc intron 1, while occasional integrations are observed 5Ј or 3Ј of the gene (41, 44) . The c-myc protein-coding sequence begins in exon 2, so that introduction of the LTR enhancer and promoter within intron 1 increases the production of wild-type c-myc mRNA and protein roughly 50-fold (29) . It is not known why the 3Ј region of intron 1 is the most common integration site observed in lymphomas. However, this region does contain unusual features, including DNase I-hypersensitive sites and AT-rich sequences (41, 43, 44) , which could target this region for proviral integration. It is also possible that integration within this region of c-myc intron 1 is somehow selected during lymphomagenesis. The c-erbB gene integrations observed in erythroblastosis are also nonrandom, so that the majority of tumors show integrations clustered within a 300-bp region of intron 14. These intron sequences could be intrinsically susceptible to proviral integration, or integration within this region could be selected by its ability to generate an in-frame gag-env-erbB fusion protein (8) .
We developed a PCR assay to amplify and characterize ALV proviral integrations within the c-myc and c-erbB genes at early stages of tumor induction. Cells carrying proviral c-myc or c-erbB integrations were detected in several tissues, indicating that the tissue specificity of lymphomagenesis or erythroblastosis is regulated at a stage after the initial integration event.
While the 3Ј region of c-myc intron 1 was a preferred integration site in infected tissues and in tumors, the 3Ј region of c-erbB intron 14 was not a common integration site in infected tissues, indicating that those c-erbB integration sites are selected during the development of erythroblastosis tumors.
DNA was denatured at 94°C for 5 min, and then 1 U of Taq was added at 90°C. The PCR profile was 94°C for 1 min, 55°C for 45 s, and 72°C for 45 s for 25 cycles, followed by 72°C for 10 min for 1 cycle.
Proviral c-erbB integrations were amplified with the nested L1 and L2 LTR primers and c-erbB exon 15 primers E1 (5Ј-CGTGTACAGTTTGGATGGCAG AGC-3Ј) and E2 (5Ј-GGCAAACAGCATTGGCATCTGC-3Ј) from bp ϩ108 to ϩ155 within erb exon 15 relative to the exon 15 5Ј border (16, 19) . Genomic DNA (2.5 g) was amplified first with 1 M each L1 and E1 primers and 400 M each deoxynucleoside triphosphate in Taq buffer. The mixture was denatured at 94°C 4 min, 4 U of Taq was added, and thermal cycling was carried out at 94°C for 20 s, 60°C for 20 s, and 72°C for 2 min for 25 cycles, followed by 72°C for 10 min for 1 cycle. The reaction mixture was diluted 50-fold, and 2 l was added for a second round of PCR with the L2 and E2 primers, under the same amplification conditions. In some PCRs, the E3 primer (5Ј-CAGACCAGGGTATCATTGT C-3Ј; located at bp ϩ81 was used instead of the E2 primer.
Southern blot hybridization. The c-myc intron 1 probe used for Southern blot hybridization was prepared by PCR amplification of 0.25 g of genomic DNA from an uninfected bursa, with 1 M each M3 (5Ј-TGTACTAGTTCTCCGTG CTCTCGGCTTG-3Ј) and M4 (5Ј-GGCAAGCTTCCTCGAAGTAGAAGTAG GG-3Ј) primers located from bp Ϫ663 to ϩ93 relative to the exon 2 5Ј border (44) . Nested PCR conditions were the same as for the amplification of proviral c-myc integrations (described above), except that the annealing and extension temperatures were both 62°C and cycling was carried out for 20 cycles. The resulting 772-bp PCR product was purified by agarose gel electrophoresis and glass bead treatment (Qiagen). The 410-bp ALV LTR probe was obtained by KpnI and HindIII restriction of pALV-LUC, a plasmid containing a complete strain RAV-1 LTR (6), followed by gel purification. The 384-bp c-erbB probe was prepared with c-erbB primers E3 and E4 (5Ј-CTTGACCATCAGGCAGAGG-3Ј, located at bp Ϫ303 relative to the exon 15 5Ј border) to amplify 0.5 g of DNA from uninfected bursa.
PCR products (5 l) were separated on 2% agarose gels in Tris-borate buffer and were transferred to nitrocellulose. The probes were labelled by random priming with [ 32 P]dCTP (Boehringer Mannheim) and were hybridized to blots. For PhosphorImager analysis, the blots were scanned and quantitated with ImageQuant software (Molecular Dynamics). The mixtures of cell line DNA carrying defined numbers of proviral c-myc integrations were used as internal standards, assuming that one cell contains about 2.5 pg of genomic DNA (5). These cell lines contain amplified proviral c-myc genes, as determined by Southern blot hybridization. The BK3A cell line contains one copy, 1104HI has two copies, and 293S and BK25 have four copies of proviral c-myc integrations. These factors were taken into account when calculating the number of copies of each integration per microgram of genomic DNA.
DNA sequencing of proviral c-myc integrations. Amplified proviral c-myc integrations were separated by agarose gel electrophoresis, and the bands migrating at about 400 bp were excised and purified by treatment with glass beads (Qiagen). DNA was made blunt ended by Pfu polymerase treatment and cloned into the PCR Script plasmid, followed by propagation in Epicurean Coli XL1 Blue (Stratagene). Plasmids were purified by cesium chloride gradient ultracentrifugation and sequenced by the dideoxy method (Amersham U.S. Biochemical) with M13 reverse (5Ј-GGAAACAGCTATGACCATG-3Ј) and T7 (5Ј-TAATA CGACTCACTATAGGG-3Ј) primers.
RESULTS
Identification of proviral c-myc gene integrations by PCR amplification. Integration of proviral sequences within the cmyc gene occurs most often upstream of exon 2 in ALVinduced bursal lymphomas (41, 44) . These integrations can be specifically detected by PCR amplification with sense LTR and antisense c-myc exon 2 primers, as illustrated in the map of a typical c-myc gene proviral integration shown in Fig. 1A . This should allow analysis of cells with proviral c-myc integrations at early stages of tumor induction, before they can be detected by Southern blot hybridization (15) . U5 LTR sequences and cmyc exon 2 sequences were used to design the L1 and M1 PCR primers for amplification of these proviral c-myc integrations from ALV-infected birds. Nested LTR L2 and c-myc M2 primers were used in a second round of PCR to increase the specificity of amplification. Bursal lymphoma cell lines carrying clonal proviral c-myc integrations were used as test templates to develop specific PCR amplification of mixtures of integrations. The BK3A, 1104HI, 293S, and BK25 cell lines each have sense orientation proviral integrations ranging from 160 to 1,050 bp upstream of c-myc exon 2 ( Fig. 1B) , as determined by Southern blot analysis (24, 43) . The conditions developed for specific amplification of these integrations included the use of mixture of Taq and Vent polymerases, as well as the use of 7-deaza-dGTP in the pool of nucleotide precursors (26), obtain extension through GC-rich regions in c-myc intron 1. These modifications of standard PCR conditions were required to efficiently amplify proviral c-myc integrations (data not shown).
Nested PCR amplification of the BK3A, 1104HI, 293S, and BK25 cell lines each yielded nested PCR products from 322 to 1,210 bp in size ( Fig. 2A) , in good agreement with the size expected from Southern blot mapping of their integration sites (24, 43) . The BK3A and 1104HI cell lines having larger amplification products were analyzed at 500 copies of each integration, while the smaller 293S and BK25 products were tested at 160 copies each, to partially correct for the less efficient amplification of larger targets. These products were detected with a c-myc intron 1 probe that is 5Ј of the c-myc PCR primers (Fig. 1B) . These integrations were also faithfully amplified from mixtures of the BK3A, 1104HI, 293, and BK25 cell line DNAs (Fig. 2B ). The first-round PCR products from the cell line mixture were 327 bp larger than the nested second-round PCR products as expected (Fig. 2B ), indicating that each proviral integration is specifically amplified by both of these primer sets. This amplification method is quantitative, since increasing the amount of cell line DNA analyzed (in a constant background of 3 g of genomic DNA from uninfected bursa) increases the yield of PCR products (Fig. 2C ). Titer determinations indicate that these integrations can be detected at low copy numbers in these mixtures ( Fig. 2C and data not shown). Taken together, these findings indicate that mixtures of proviral c-myc integrations can be specifically amplified by this PCR assay.
The PCR assay was then used to determine whether proviral c-myc integrations can be detected in bursal DNA from ALVinfected birds. Day 10 line 15I 5 ϫ 7 1 embryos were infected by intravenous injection of RAV-1 strain ALV, a technique which efficiently induces lymphomas (38) . Hatched birds were analyzed at 35 days of age, since this is the earliest stage at which the first signs of transformed follicle hyperplasia can be detected (2, 31) . Analysis of amplified DNA from one typical ALV-infected 35-day-old bird showed multiple proviral c-myc integrations (Fig. 2D ), while products were not observed in DNA from an uninfected 35-day-old sibling (data not shown).
These PCR products ranged in size from 200 to 1,130 bp, corresponding to integration sites 38 to 968 bp upstream of c-myc exon 2. The four major PCR products were detected at all DNA concentrations tested, while less abundant products were detected only at higher levels of input DNA.
Phosphorimaging and comparison of the amplification signals from the bursal DNA samples with those of the cell line mixtures having known copy numbers allowed an estimation of the abundance of bursal cells with proviral c-myc integrations. The intensity of the 400-and 1,100-bp bursal integration products ( Fig. 2D ) was compared with the intensity of the corresponding cell mixture products of similar size (Fig. 2C ). These products were estimated to represent about 250 or 350 integrations per g of input DNA, respectively. Since each cell contains 2.5 pg genomic DNA (5), this would indicate a frequency of 1 proviral integration per 1,150 or 1,600 cells, for each integration event of average abundance. The bursa contains roughly 10,000 follicles (34) , so that the expected abundance of cells with each particular integration is 1 in 10,000. The higher than expected detection of each integration event probably reflects hyperproliferation of these cells, since transformed follicles are two to four times larger than normal bursal follicles (10, 12) . Overall, cells having proviral c-myc integrations must be abundant, since the four major integration events in this sample would represent roughly 1 of every 350 bursal cells.
Bursal proviral c-myc integrations cluster within c-myc intron 1. The nested PCR assay was used to analyze proviral c-myc integrations in eight 35-day-old ALV-infected birds, obtained from two separate infection experiments. A 1-g portion of DNA was analyzed from each sample, since this amount detects the major integration events ( shown). Bursal DNA from each bird shows a distinct pattern of five to eight proviral c-myc integrations (Fig. 3A) . This number corresponds well to the number of transformed follicles counted by methyl green pyronine staining of serially sectioned bursal samples (12, 31) from infected siblings (data not shown). These integrations range in size from 200 to 1,500 bp, so that a few integrations lie within exon 1 while the majority lie within intron 1 (Fig. 3A) .
Several of these integrations were cloned and sequenced, to determine whether the nested PCR assay amplifies authentic proviral c-myc integrations. The integrations chosen map to the clustered region of integration sites in 3Ј intron 1. The products from birds 23 and 25 migrating at about 400 bp (Fig. 3A) , were gel purified and cloned, and several of the resulting plasmids were sequenced from each bird. One integration event was identified in bird 23, and two distinct integrations were identified in bird 25. These clones all contained the correct proviral c-myc junction sequences, featuring loss of the terminal U5 LTR CA nucleotides at the proviral integration site (data not shown). The integration sites were situated 237, 235, and 225 bp 5Ј of exon 2, as expected from their size on Southern blots (Fig. 3A) . These findings confirm that the nested PCR assay specifically and accurately amplifies proviral c-myc integrations.
Cells with proviral c-myc integrations arise in nonbursal tissues. The PCR assay was used to analyze bone marrow, spleen, and brain DNA samples from the same 35-day-old birds, to determine whether proviral c-myc integrations can arise in tissues that do not give rise to tumors. DNA from spleen (Fig. 3B) , bone marrow (Fig. 3C) , and brain (see Fig.  6A ) were all analyzed in the same experiment with the bursal samples (Fig. 3A) , and the same autoradiographic exposures are shown, so that these panels can be directly compared. Proviral c-myc integrations were observed in all of these tissues. The integrations in spleen and bone marrow covered the 1,000-bp region upstream of c-myc exon 2, similar to the range observed in bursal samples (Fig. 3) . The average number of integrations detected in the spleen (five per bird) was smaller than that in the bursa (six per bird), while bone marrow contained only about three integrations per bird. Spleen cell integrations are five times less abundant on average than bursal integrations, and bone marrow integrations are 10 times less abundant, as judged by phosphorimaging analysis. A few of the spleen and bone marrow integrations, however, are as abundant as some of the bursal integrations. These findings indicate that proviral integration and deregulation of c-myc gene expression can promote proliferation in nonbursal tissues. Most of the integration sites detected in different tissues from individual birds were of different sizes, indicating that these events arose independently in each tissue. However, a few of these integrations were of similar size in some of the tissues (e.g., the 380-bp band in bursa and bone marrow of bird 38 [ Fig. 3]) , suggesting that these cells could have been derived from the same original integration event.
The lower levels of c-myc integrations observed in spleen and bone marrow are not due to differences in viral infection of PCR efficiency. PCR analysis with 5Ј and 3Ј LTR primers to detect proviral LTR sequences indicates that the bursa, spleen, and bone marrow are equally infected at this age (Fig. 4) . Moreover, the glyceraldehyde-3-phosphate dehydrogenase cellular gene was amplified to the same extent from each DNA sample (data not shown), indicating that all samples contained equivalent amounts of amplifiable genomic DNA. These findings indicate that while all of the tissues show similar levels of viral infection, the absolute number and abundance of proviral c-myc integrations is greatest in bursal tissue. Four brain samples were analyzed to determine whether proviral c-myc integrations can arise in nonhematopoietic tissue. Only one sample showed a single c-myc integration (Fig. 5A) . However, the brain showed a high level of viral infection similar to that of the other tissues, as judged by PCR amplification of viral LTR sequences (Fig. 5B) . In addition, cellular glyceraldehyde-3-phosphate dehydrogenase sequences were efficiently amplified from brain DNA samples (data not shown). These findings suggest that cells with proviral c-myc integrations arise at a lower frequency in the brain than in hematopoietic tissue or that they fail to proliferate after c-myc gene deregulation. Interestingly, the one proviral c-myc integration observed is nearly as abundant as those in hematopoietic tissues, suggesting that cells with these integrations can proliferate in the central nervous system (CNS). It is interesting that this brain integration is of the same size as the abundant integration observed in the bursa and bone marrow of bird 38. This could represent a target cell capable of proliferating in many tissues, unlike the majority of the integration events, which are restricted to only one tissue at this early stage of tumor induction.
Detection of proviral c-erbB integrations. ALV also induces erythroblastosis after proviral integration within the c-erbB proto-oncogene in 5 to 10% of infected line 15I 5 ϫ 7 1 birds (16). The majority of the proviral integrations observed in erythroblastosis tumors map to intron 14 of the c-erbB gene (28, 40) . This should allow the detection of proviral c-erbB integrations by nested PCR amplification with LTR L1 and L2 and c-erbB exon 15 E1 and E2 primers, as illustrated in Fig. 6A . Amplification of genomic DNA from the bone marrow of bird 24 shows one 408-bp proviral integration product (Fig. 6B) , placing the proviral junction sequence within intron 14 of the c-erbB gene (Fig. 6A) . This PCR product is specific, since it hybridizes to a c-erbB probe internal to the PCR primers. As a further control, the first-round PCR products were amplified with a more 5Ј E3 primer for the second round of PCR. This produces a PCR product that is 27 bp smaller than the L2-E2 product (Fig. 6B) , confirming the specificity of the PCR amplification.
This PCR assay was used to analyze the occurrence of proviral c-erbB integrations in different tissues for comparison with the pattern of proviral c-myc integration. The spleen and bone marrow are the target organs for erythroblastosis, while the bursa and brain are not involved. Three of the eight spleen samples analyzed showed proviral c-erbB integrations (Fig.  7A) , and five of the eight bone marrow samples showed integrations (Fig. 7B) . The samples containing proviral c-erbB integrations appear to be abundant in both tissues, as judged by the very short autoradiographic exposure required to detect these products. The samples that did not show integrations were negative even after very long autoradiographic exposures (data not shown). The frequency of erythroblastosis is low in this particular chicken strain (16) , so that these negative samples may represent birds that are not undergoing erythroblastosis. Interestingly, cells carrying c-erbB integrations also were found in three of the eight bursal samples (Fig. 7C) . The majority of the c-erbB integrations mapped to different sites in each tissue, indicating that these integrations arose independently within each compartment. Bursal cells with c-erbB integrations were as abundant as those of the spleen and bone marrow, even though the bursa is not involved in erythroblastosis. This indicates that the tissue-specific induction of erythroblastosis in bone marrow and spleen occurs at a step after the initial proliferation of cells carrying c-erbB integrations. Analysis of the four brain samples did not identify any c-erbB integrations (data not shown), suggesting either that c-erbB gene integrations do not arise in the brain or that abnormal c-erbB gene expression is negatively selected in this tissue.
In most of the positive samples, only one or two c-erbB integration events were observed in each tissue (Fig. 7) . However, two of the bone marrow samples (from birds 23 and 25 [ Fig. 7C]) showed one abundant integration of at about 1,000 bp in 5Ј intron 14 and also multiple minor bands ranging from 100 to more than 3,000 bp in size, which would map from exon 12 through exon 15. These PCR products appear to be specific, since they were also amplified with the E3 primer (data not shown). These minor products could potentially arise from the transduction of c-erbB sequences within recombinant viruses, which arise in about half of erythroblastosis tumors (28) . Retroviral recombination and further infection could generate proviral integrations with c-erbB exon 15 sequences at different positions relative to the 5Ј LTR. It is possible that the tissue samples showing this phenomenon harbored initial c-erbB integrations that favor the production of readthrough proviral c-erbB transcripts, so that the frequency of c-erbB transduction and integration is increased. The pattern of proviral c-erbB integration sites observed in infected tissues from 35-day-old birds is different from that observed in erythroblastosis tumors. The majority of erythroblastosis tumors from line 15I chickens show clustered integrations within a 300-bp 3Ј region of intron 14, while 5Ј intron 14 or exon 15 integrations are observed less commonly (28, 40) . In contrast, the integrations from infected tissues of line 15I 5 ϫ 7 1 35-day-old birds show no apparent clustering within 3Ј intron 14 ( Fig. 7) , since only 2 of the 11 integrations detected are 100 to 400 bp in size. Instead, the PCR products range in size from 300 to 2500 bp, mapping at different sites from exon 12 through intron 14 (8) . These findings indicate that the 3Ј region of c-erbB intron 14 is not a preferred site of proviral integration. Instead, cells having these integrations must be selected during the induction of erythroblastosis.
DISCUSSION
A nested PCR assay which specifically amplifies proviral c-myc integrations from ALV-infected birds at early stages of tumor induction, before these integrations can be detected by Southern blot hybridization, was developed. Amplification of bursal samples reveals five to eight proviral c-myc integrations per bird. This number corresponds well to the number of transformed follicles counted in infected siblings, indicating that this PCR assay detects the majority of distinct proviral c-myc integration events that result in transformation of bursal follicles. Comparison of bursal integrations with cell lines having known numbers of integrations allowed an estimation of the abundance of bursal cells with proviral c-myc integrations. The estimate of roughly 1 in 1,150 to 1 in 1,600 bursal cells carrying each distinct integration was surprisingly high relative to the expected frequency of 1 transformed follicle per 10,000 normal follicles. This suggests that cells with c-myc integrations hyperproliferate even faster than the expanding population of normal bursal cells, as supported by the increased size of transformed follicles (10, 12) . Normal bursal follicles contain about 2 ϫ 10 5 cells at this age (50) , indicating that cells with c-myc integrations must expand rapidly within the weeks after infection.
Cells with proviral c-myc integrations are also common in tissues that do not support the development of lymphomas. This suggests that integration and c-myc gene deregulation can support proliferation without leading to tumor induction. However, spleen and bone marrow cells with c-myc integrations are much less abundant than in the bursa. These tissues also show a reduced number of distinct integration events. All of the tissues show equal levels of viral infection, indicating that cells with proviral c-myc integrations arise less often in nonbursal tissues and/or that these cells are less likely to proliferate after integration and c-myc gene deregulation. The bursal environment is required for induction of lymphoma, since surgical or chemical ablation of the bursa prevents ALV lymphomagenesis (37, 39) . Growth factors within the bursa could support high levels of c-myc-induced proliferation or could prevent the apoptosis that can occur when c-myc is expressed at high levels (11, 51) .
Proviral c-myc integration in the brain was much less common than in hematopoietic tissues. The single integration event observed was as abundant as some of the hematopoietic integrations, indicating that the cells harboring this integration can proliferate within the brain. ALV causes neurological dysfunction in 20% of infected birds, involving CNS inflammation and infiltration of lymphoid and myelomonocytic cells (13) . These abnormalities could involve cells with proviral integrations next to c-myc or other proto-oncogenes that can activate abnormal cell growth. Interestingly, the CNS integration observed is a similar size to a major integration found in the bursa and bone marrow. This integration could have arisen in a cell type capable of migrating and proliferating in many tissues, unlike the majority of the integration events, which are restricted to only one tissue compartment at this early stage. This could also represent a cell in the initial stages of metastasis, although extrabursal tumors are not visibly detected until after 4 months of age (31) . Shih et al. (44) and Robinson and Gagnon (41) previously analyzed the sites of proviral c-myc integration in a large number of ALV bursal lymphomas and metastases. While some tumor integrations map within noncoding exon 1, the majority of these integrations map within the 3Ј half of c-myc intron 1, as illustrated in Fig. 8A . This clustering of integrations could reflect an intrinsic preference for proviral integration within this region, or cells with these integrations could be selected during tumor induction. These possibilities can be distinguished by comparing proviral c-myc integration sites in tumors with those we identified in infected tissues that are not undergoing tumor induction.
The proviral integration sites mapped by PCR assays of infected bursa, spleen, and bone marrow were plotted according to their position within the c-myc gene (Fig. 8) . These integrations lie within exon 1 and intron 1, with the majority of the sites clustering within 3Ј intron 1. The distribution of these proviral c-myc integrations was further analyzed by tabulating the number of integrations found in 3Ј c-myc exon 1, 5Ј intron 1, or 3Ј intron 1. Each region is approximately 350 bp long. Approximately half of the integrations from tumors or from tissues of infected birds cluster within 3Ј intron 1 (Table 1) . Interestingly, 35 to 40% of the integrations from infected tissues map to the 5Ј region of intron 1, while these sites are involved in only 4% of tumors. Swift et al. (46) proposed that integration within the 5Ј half of intron 1 may not be favorable for c-myc gene transcription or translation. However, cells with integrations in 5Ј or 3Ј intron 1 proliferate to a similar extent in infected tissues as judged by their abundance in PCR assays (Fig. 3) , indicating that integrations in either region support the expansion of these cell populations. Thus, cells having 5Ј intron 1 integrations appear to be selected against during tumor progression. These findings also indicate that the 3Ј region of intron 1 is a preferential integration target whether or not that tissue supports tumor induction. This region is also targeted by reticuloendotheliosis virus, which can induce bursal lymphomas after integration within the c-myc gene (46) .
The 3Ј region of c-myc intron 1 features sequence motifs that could be involved in targeting proviral integration to this region. These motifs include DNase I-hypersensitive sites (43) and an AT-rich region (Fig. 8E) . The location of the DNase I-hypersensitive sites does not correlate particularly strongly with preferred integration sites in the 3Ј half of intron 1. Additional hypersensitive sites found in 5Ј intron 1 and exon 1 are also not preferred integration sites (Fig. 8) , suggesting that DNase I-hypersensitive sites are probably not sufficient to target proviral integration to 3Ј intron 1. A 67-bp AT-rich stretch occurs within the 3Ј half of intron 1; however, shorter AT stretches that are not preferential integration sites occur upstream (Fig. 8E) . It is possible that more than one of these motifs work cooperatively to attract proviral integration to the 3Ј intron 1 region. This region could also attract integration due to other features such as matrix-associated regions, which appear to be common sites of proviral integration (22, 27) .
The pattern of proviral c-erbB integration differs from that of c-myc integration in several ways. A smaller absolute number of c-erbB integration events are observed, suggesting that the c-erbB gene is a less common integration target or that cells that can support altered c-erbB gene expression are less common than cells that tolerate deregulated c-myc expression. a Percentage of integrations mapping within 350-bp regions of 3Ј exon 1, 5Ј intron 1, or 3Ј intron 1, as illustrated in Fig. 8E . Percentages were calculated from the data shown in Fig. 8 .
Many of the tissues fail to show c-erbB integrations at all, in contrast to the ubiquitous appearance of c-myc integrations. This probably reflects the lower incidence of erythroblastosis (5 to 10%) relative to lymphomagenesis (70 to 100%) in this chicken strain (16) . The tissue distribution of c-myc and c-erbB integrations is also quite different. Cells with c-erbB integrations occur with roughly equal abundance in bursa, bone marrow, and spleen, indicating that cells with c-erbB integrations can proliferate equally in tumor target and nontarget tissues. In contrast, cells with proviral c-myc integrations are preferentially expanded within the bursal environment.
The 3Ј region of c-myc intron 1 is a preferred integration target whether or not that tissue supports tumor induction. However, c-erbB integrations are randomly distributed upstream of exon 15 in infected tissues, while tumors show a strong preference for integrations within the 3Ј region of cerbB intron 14, indicating that there must be selection for 3Ј intron 14 c-erbB integrations during induction of erythroblastosis. This could reflect a requirement for correct mRNA splicing to produce an in-frame gag-erbB fusion protein with constitutive kinase activity, which can promote the transformation of erythroblasts within the spleen or bone marrow (33) . It is also possible that the low incidence of erythroblastosis in line 15I 5 ϫ 7 1 chickens is due to an altered c-erbB intron 14 conformation that is somehow less susceptible to proviral integration than that of the parental line 15I strain, which shows a high incidence of erythroblastosis tumors with 3Ј intron 14 integrations.
These studies reveal that cells with c-erbB and c-myc protooncogene integrations are abundant in many tissues at an early stage after ALV infection, whether or not these tissues are targets for tumor induction by either oncogene. Nason-Burchenal and Wolff (30) also found that proviral gag-myb transcripts arise in many tissues after murine leukemia virus infection of mice, even though the tissues containing proviral c-myb gene integrations do not necessarily give rise to tumors (3). There is no information available on the biological effects of these widespread integrations in tissues that do not give rise to tumors. However, it is possible that abnormal LTR-driven proto-oncogene expression in different tissues could contribute to the anemia, stunted growth, and other symptoms often observed in ALV-infected birds (reviewed in reference 36). Cells with proto-oncogene integrations in the CNS could also potentially contribute to the neurological dysfunction and inflammation observed after ALV infection (13) . Similar phenomena are likely to occur in infections involving mammalian retroviruses and lentiviruses and could account for some of the systemic and neurologic sequelae of these infections.
